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( 2 )  Quan t i t z t ive  stud-ies of t h ~  cln5tj .c end 5nelT-stj.c i n t c r a c t i o n s  
of slow e l e c t r o n s  i:ith t u n p t e n  sin{:l c c iys t : t l  S U ~ ~ ; L C C : ; .  

(6) Theory of low e n c r w  e l e c t r o n  sca i t c i - i  iig. 

11. ?'he i-eI.ati3n between s t ruc t .cx  of ep i t ex i  a!. fi.l:x a n d  su?-i'nce and 
in t . e r f ac i a1  energies ( A .  K .  G w e n  arid E. Bauer) .  

The work dx - ing  t h e  p a s t  yea r  i n  the m e a  of ep i t axy  has been a cont in-  
ua t ion  of the e f f o r t  t o  c o n t r i b u t e  t o  t,he solution of t h e  pi'oblem of t l ic :  
inf l -uence of  t h e  i n t e r f a c e  on t h e  e p i t ; t x i a l  6 ; rnvth  of t h i n  f i 1 . m ~  on 1.iel.l 
charac te r i . zed  su r faces .  Tie f i r s t  p z r t  of  t h e  y e a r  w a s  spent i n  c r re fu l . ly  
ana lyz ing  our  r ecen t  expcriait.iit,al r e s u l t s  arid compzrj.rig them wi th  o t h e r  inde- 
pencknt work. "his e f f o r t  has hccn reported i n  t h e  F i rs t ;  and Second Quarterly 
Reports (see al.s!s r e f .  VI11 ( 2 ) ,  (111, ( 5 ) ,  ( 7 ) ) .  B r i e f l y ,  sone of t h e  main 
r e s u 1 . t ~  obtained are: (I.) The pheno!!:er.on9f epitaxy is highly  s p e c i f i c  for each 
f i lrii subs  t r a t e  prqi r , as e rll i b  i t c d coa c lus  j. vely by s i r c u l t  2 . n ~  ous depos i ti ofi on to  
a i r  and VECULUT. c lenved su r faces  of  XaZ1 o.nd K1. ( 2 )  The nue lea t ion  re'ie is 
s i g n i  f iczn51y ~ . e r , s  on t h e  vacumr, cleaved s u r f a c e .  
are G5serveZ 7 d ; i  :h hr..ve not been r c p o r t e d  previously . ( 4 )  The coalescence 
s t s g s  of t h e  f i l i n  gro-..;t:? i s  e x t x m l y  i m P w t 2 n t  and the situ r e f l e c t j . o n  
el .ectrcx~ d i f f r a c  ,,im pa2ternr; d . i f f c r  co!isidcrnblJr from t h e  r e s u l t s  obteined 
by ste-ic'ar,~ t~;~~:::;r..::i.=icn elr?ct,:,ar! ST f f r e c t i c n  e.r.d r;icro..;cor,y of fj l-r ,s  ~.e;:ovcC 
frcr,: tile s; ; 'a~t~i . ; t : .  ( 5 )  7-hec:Ci.t: r ~ ? .  c o r . s i z e r ~ ? ~ t i ~ r : ;  a ~ ,  ~ f s c ; ~ . ; ~ ? .  i n  t?-e Ss:o 

( 3 )  ~ e v e r a ~ .  0r ier ; ta t io: is  

. .  
. -  
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The expeyiments descr ibed  ~ b o v e  a n d  inmy o t h e r s  show that  adzorbed 

It i s  
gases pl.ay a m.jor role i n  c r y s t a l  r;ro:,:th on su r fncos ,  So c m  i m p u r i t i e s  
d i f f u s i n g  ou t  of t h e  bull: when hecstcd OL' evolved dur ing  clcavint;. 
t h e r e f o r e  impo~ta.nL t o  undcrstmci  the ges desorp t ion  and evo lu t ion  processe:: 
from a l k n l i  ha: j.des. Therefore a. quant i tnt<j .ve +udy of  t h e  gases evolved 
froir. N a C l  \J.gci? ].incar tempera-Lurc inc recse  hss been s ta r ted  wh?'.ch hczs pro311.1:ed 
t h e  :rol.loi.ring ~ c s u l t s  'io cla'ic: (1) The major 6s.s being l i b e m t c d  i n  ]?PO. 
( 2 )  NaCl which has bc!e?J d e l i b e r a t e l y  e x ~ o s e d  t o  1120 c-r;!::ibits l.zri;c b-iar-sts 9." 

H20 i n  i-our;hly rc!jrociucibl.e teinperature reg5 oris . ( 3) I F a C I  1,fnich h:~s been 
f r e s h l y  clesrve6. i n  a i r  e x h i b i t s  H20 d.esorpti.on peaks 5.u rovghly t h e  same 
temperature regions i n  which b u r s t s  from 1120 exposed spcc-iniens occur .  

111. Q,uznti.ta,t.ive s t u d i e s  of  t h e  e l a s t i c  and i.nelar;.tic i n t c r x c t i o n s  of 
slow e l e c t r o n s  wi th  tungs ten  single c r y s t a l  su r f aces  (J .  0.  P o r t e u s ) .  

Progress  has  been niadc i n  produc:j ng t ungs t en  sincle cryst::!. su-rfnces . .  of s a t i s f a c t o r y  q u a l i t y  f o r  q u a n t i t a t i v e  i n t e n s i t y  teasurc?cents .  Tiic ab i l . i~ ;y  
t o  m a i n t a i n  sample c l e a n l i n e s s  during t h e  requi  r e d  s c a n n i n g  tir?c!F; IT:::; i nvcs'-,i.- 
tl;a"ced and found t o  be inadequate  viQ2.i t h e  p re sen t  o i l -d i f ' fus ion  pL1?:ip!.ng syYc,ci'i. 
Hcpl.aceiiient with e n  e l e c t r o s t a t i c  ion p m p  i s  nov  i n  progress. Al.so, a.n 
au.toina.t.ic v o l t ~ g e - s c a n n i  ng and bca ia - t~~ ick ing  systc:n has h e m  (3.evel.opcd f o r  
r a p i d  i n t e n s i t y  vs . vol tage  rxa.suren:entc. Pre l iminary  i n t e n s i t y  vs . vnl.tagc? 
rntasurcmnts  of' t h e  (00 )  beam form a W (110) s u r f a c e  have been ob ta ined ,  a long  
with p re l i r i i na i  y i n e l a s t i c  sea-ttering measurements froin this s u r f a c e .  Fur t l ie r  
developnients were made i n  mathematical methods f o r  Cii€€crentiation and im-nrove- 
ment of r e s o l u t i o n  of t h e  i n e l a s t i c  d a t a .  (Rncl .  2 ) .  

IV. The de tern~i i ia t ion  of n a t u r e  2nd s t r u c t u r e  of s u r f a c e  l a y e r s  wi th  lei? 
energy e l e c t r o n  d i f f r a c t i o n  ( E .  Bnuer) .  

The low energy e l e c t r o n  d i f f r a c t i o n  (LEKD) s t u d i e s  dur ing  t h e  p e s t  y e a r  
(I) A study of s p e c i f i c  problf-ias i n  t h e  gro-dh  can be d iv ided  uy as fol lows:  

of f .c .  c .  m t a l s  on a l k a l i  h a l i d e s .  
pa t te rns .  ( 3 )  A s tudy  of t h e  systems Sr-O--C-V. 

( ? )  The i n t e r p r e t a t i o n  of coi!iplcx LFh:D 
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I I 

Dui’:i.ig ’~11i.s i-e!jort y e e r ,  t h e  primnry systs-ten under i n v z s t i c a t i o n  has 
been SrO-I.! {l.lO). ‘l%e rc-zul-ts of this vork h?,ve shbm: (I) a. monotonic 
dncrcasc i:l w o : k  f u n c t i o n  as a f u n c t j . o n  of  fi1.m thickncss with no o r d e r c . d  
surface s t r u c t u r e ,  f o r  Sr9 d~eposi.-tcd on I.1 (110) at roox tempera ture ;  ( 2 )  x 
minimum i s  observed in t h e  \.:or:; fimction f o r  i n c r e a s i n g  annea l ing  teopera-  
t u r e  of  t h e  SrO f i l m  toge.t.her w i t h  a d e f i n i t e  o rde r ing  of t h e  surfa.ce 
s t r u c t w e ;  ( 3 )  as t h e  SrO fi.lrli i s  hea ted ,  reg ions  of very high p h o t o e l e c t r i c  
e r r i l s s i o n  appear which can be c o r r e l a t e d  v i t h  t h e  voyk func t ion  minimum. 
There i s ,  i n  g e n e r a l ,  a very coxi??lex depilndencc o f .  t h e  s t r u c t u r e  and  emission 
p r o p e r t i e s  of t h e  SrO-’i! (110) sys-leins upon f i l m  t h i ckness  annea l ing  t ime 
and tcmpera turc  and i iey~osit ion r a t e .  l ’he  resu1t.s ob ta ined  cannot be  ex.- 
p l a ined  by t h e  d ipole- layer  theory  a n d  for a b e t t e r  understanding o t h e r  
systems inust b:! studj-ed.. 
was i n i t i a t e d  Trhich -is s t i 3 . l  i n  prop,wss. Iqo results are ava.il.ab1.e at, t h i s  
t inie.  I n  suyqmrt of the extension of  t h e  j .nves t iga t ion ,  long l i v e d  and 
h i  ~h ly d i r e  c% i on  nl. evapomt  i on s ourccs h a v e  be en d eve I.opr. d €or t h e  a.l.kal. i 11 c 
e a r t h s  and the!.r oxides .  Work i s  con-ti.nuing on the m?,gnet,i c def l cc t ion  
system and a s s o c i a t e d  e l e c t r o n  o p t i c s  f o r  t h e  n!oc?if‘icc*Lion o r  the UiiV 1r;i.i 
e n e r m  ref1ect: ion e l e c t r o n  microscope. An imn:rovec! e l e c t r o n  sou;cce f o r  the 
m3croscope i s  also be ing  developed i n  the form of a f i e l d  emj.ss?.on gun. 

Late i n  t h e  y c n r ,  a s tudy  of t h e  1330-iu’ (11.01 syst-.m 

V I .  lrlomentum exchange of atoms on wel l  def ined  s i n g l e  crystal s u r f a c c s  
(W. F a i t h  and E. Bauer) .  

This  p r o j e c t  has been in t h e  equ.ipnient cons t ruc t ion  :tn(i testin:.; s tage  
dur ing  t h i s  r e p o r t  y e a r .  The equipmn’i combines a molecu7.ar bean 2nd 8 LEX) 
system so t h a t  t h e  s u r f a c e  condi t ion  of‘ t h e  s i n g l e  c r y s t n l  spec i rnn  can b? 
checked. a t  any moment du r j  ng t h e  rcolecuiar beam e q e r i r i e n t  . Tic iniportaxce 
of t h i s  i s  obvious ( s e e  t h e  p ro jec t  proposal). 
molecul.ar becam att.achinent t o  the L33D s y s t m  wils coxpleted a P t e r  the  f i r s t  
h a l f  o f  t h e  r e p o r t  y e a r .  Subsequent t c s t i n p ,  revea led  a major problem, even 
a f t e r  inproverncmt of t h e  nozzle  design:  t h e  pu.r?ping spe d of t h e  VacIon 
pumping system for a s teady  s t a t e  load  of A r  i n  t h e  10- t o r r  range was t o o  
slow. As a resu. l t  t h e  b e a ?  f l u x  at  t h e  s u r f a c e  vas small corripal-ed t o  t h e  
randorn f l u x  and no s c a t t . c r i n g  p a t t e r n s  could be obta ined .  It V I % S  t h e r c r o r e  
decided toMards t h e  end of  t h e  r epor t  year t o  b u i l d  a d i f fus i -on  pump system 
f o r  t h i s  p r o j e c t ,  which a t  t h e  same t ime w i l l  ex tend  t h e  v e r s a t i l i t y  of t h e  
experiments:  it w i l l .  a lso allow s t u d y  of t h e  momentun exchange of He a n d  of 
o t h e r  gases  poor1.y punpnd by VacIon PuUipS. This  work is s t i l l .  j n  p rogres s .  

V I I .  Theory of  1.017 energy e l e c t r o n  s c a t t e r i n 5  ( E .  B a u e r ) .  

The constr i rc t ion of’ t h e  
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Mult ip le  S c a t t e r i n g  Versus Supe r s t ruc tu res  i n  

Low Energy Electron D i f f r a c t i o n  

E. Bauer 
Michelson Laboratory,  China Lake, C a l i f o r n i a ,  93555 , U . S . A .  

LEED p a t t e r n s  i n d i c a t i n g  a long p e r i o d i c i t y  of t h e  s u r f a c e  

l a y e r  are d iscussed  i n  terms o f  double s c a t t e r i n g  between 

shor t -per iod  s t r u c t u r e s  occurr ing  i n  t h e  bulk.  It i s  shown 

t h a t  t h e  geometry of  t h e  d i f f r a c t i o n  p a t t e r n  does not  permit 

a d i s t i n c t i o n  between a t r u e  two-dimensional s u p e r s t r u c t u r e  

and superposed two- o r  three-dimensional s t r u c t u r e s  ( "pseudo- 

s u p e r s t r u c t u r e " )  g iv ing  r i s e  t o  t h e  same la te ra l  p e r i o d i c i t y  

as t h e  supe r s t ruc tu re .  Severa l  examples f o r  such pseudo- 

s u p e r s t r u c t u r e s  are given.  

I. INTRODUCTION 

Although t h e  importance o f  mul t ip le  s c a t t e r i n g  i n  LEED has been 

po in ted  out1'* and appl ied  t o  complex d i f f r a c t i o n  p a t t e r n s 3  some time ago, 

most of  t h e  more complicated LEED p a t t e r n s  r epor t ed  t o  date--with a f e w  

excep t ions ,  e . g .  f o r  N i O  on t h e  I1111 N i  p lane  

plane5--have been explained i n  terms of s i n g l e  s c a t t e r i n g ,  l ead ing  t o  

complex two- dime ns ion a1 s u r f  ace s t ruc  t ure  s comnens u r a t e  wi th  t h e  complexity 

o f  t h e  d i f f r a c t i o n  p a t t e r n s .  T h i s  l i m i t e d  use  of  t h e  mul t ip l e  s c a t t e r i n g  

i n t e r p r e t a t i o n  i s  i n  p a r t  due t o  a misconception of t h e  d i f f r a c t i o n  process  

4 
o r  f o r  Cu on t h e  W (110) 

and i n  p a r t  a consequence of t h e  expec ta t ion  t h a t  su r f aces  have a tendency 

t o  form complicated two-dimensional s t r u c t u r e s . 6  It is  t h e  purpose of 

1 



t h i s  paper  t o  c o r r e c t  t h i s  misconception ( S e c t .  I T )  and t o  i l l u s t r a t e  

w i t h  a f e w  examples t h a t  t h e  complex LEED p a t t e r n s  can be i n t e r p r e t e d  i n  

terms of mul t ip l e  s c a t t e r i n g  by superimposed w e l l  known s t r u c t u r e s  (F ig .  Ib) 

so t h a t  no e x o t i c  two-dimensional s u r f a c e  s t r u c t u r e s  (Fig.  l a )  have t o  be 

assumed (Sec t .  111). 

11. THEORY 

The misconception mentioned i s  based on an ove r s impl i f i ed  p i c t u r e  of 

t h e  d i f f r a c t i o n  process  as i l l u s t r a t e d  i n  F ig .  2a ,  which shows a s e c t i o n  

normal t o  t h e  su r face  through the  superposed r e c i p r o c a l  l a t t i c e s  of  two 

crystals wi th  d i f f e r e n t  l a t t i c e  cons t an t s .  It i s  assumed t h a t  double 

s c a t t e r i n g  r e q u i r e s  t h e  p o s s i b i l i t y  of d i f f r a c t i o n  i n  each c r y s t a l  i n d i -  

v i d u a l l y ,  i . e .  t h e  b a l d  sphere  must pass  through both sets o f  r e c i p r o c a l  

l a t t i c e  rods.  As a consequence, s i g n i f i c a n t  m u l t i p l e  s c a t t e r i n g  should  

not  occur  f o r  ene rg ie s  below 10-20 e V ,  where t h e  Ewald sphere  i s  t o o  snall  

t o  f u l f i l l  t h i s  condi t ion .  If a l a r g e  p e r i o d i c i t y  i s  observed a t  such low 

vo l t ages  it i s  concluded t h a t  t h e  p a t t e r n  i s  produced by a rea l  two- 

dimensional s u r f a c e  s t r u c t u r e  with long  p e r i o d i c i t y .  This  conclusion seem 

t o  be supported by t h e  widely accepted assumption of a n e g l i g i b l e  pene t ra -  

t i o n  depth of such slow e l e c t r o n s .  "his assumption however i s  c o n t r a d i c t e d  

by p h o t o e l e c t r i c  measurements which i n d i c a t e  t h a t  even s lower e l e c t r o n s  

t h a n  t h o s e  used i n  LEED can pene t r a t e  s e v e r a l  atomic l a y e r s .  Unless one 

invokes a Ramsauer-Townsend e f f e c t  even t h e  s lowest  e l e c t r o n s  used i n  LEED 

should  t h e r e f o r e  be a b l e  t o  p e n e t r a t e  s e v e r a l  a t o n i c  l a y e r s .  The basic 

p i c t u r e  o f t h e  s c a t t e r i n g  process  2s o u t l i n e d  ebove i s  based on t h e  e r ro -  

neous assumption t h a t  t h e  d i f f r a c t i o n  process  can be d iv ided  up i n t o  w e l l  

2 



I I 

def ined  s c a t t e r i n g  processes  i n  t h e  two d i f f e r e n t  c r y s t a l s ,  Ac tua l ly ,  

t h e  s c a t t e r e r  c o n s i s t i n g  of t h e  superimposed c r y s t a l s  responds as a 

whole t o  t h e  i n c i d e n t  wave and r e f l e c t s  waves corresponding t o  a l l  

p e r i o d i c i t i e s  w i th in  t h e  s c a t t e r e r  i nc lud ing  t h a t  produced by t h e  super- 

p o s i t i o n  of t h e  c r y s t a l .  

formed i n  t h e  r e c i p r o c a l  l a t t i c e  of  t h e  pseudosupers t ruc ture  (F ig .  2b) 

formed by t h e  two superimposed c r y s t a l s  (F ig .  l b )  j u s t  as i f  t h e r e  were 

a real two-dimensional long  p e r i o d i c i t y  s t r u c t u r e  on t h e  s u r f a c e  (F ig .  l a ) .  

Consequently,  t h e  appearance at very l o w  ene rg ie s  o f  a LEED p a t t e r n  

corresponding t o  a "supers t ruc ture"  does n o t  permi t  d i s t i n c t i o n  between 

t h e  s u r f a c e  s t r u c t u r e s  i l l u s t r a t e d  i n  F ig .  1. 

The Ewald cons t ruc t ion  must t h e r e f o r e  be per-  

This  can be seen i n  t h e  fo l lox ing  manner: The s c a t t e r i n g  a q p l i t u d e  

of t h e  s c a t t e r i n g  volume f l  at l a rge  d i s t e n c e  i s  given by 

where + ( r ' )  i s  t h e  wave func t ion  of t h e  e l e c t r o n  involved i n  t h e  s c s t t e r -  

i n g  process  i n  t h e  s c a t t e r e r  and U ( r ' )  i s  t h e  s c a t t e r i n g  p o t e n t i a l .  

t h e  la teral  p e r i o d i c i t y  o f  t h e  "supers t ruc ture"  forned  by t h e  su9e rpos i t i on  

M1 

If 
..w 

o f  t h e  two d i f f e r e n t  l a t t i c e s  with t h e  u n i t  c e l l  dimensions a a and&l, -1' -2 

b -2 p a r a l l e l  t o  t h e  s u r f a c e  i s  given by t h e  vec to r s  z1 = + A12 z2 - - 
Bll kl + B12 :2 and z2 = A21 El + A22 2 2  - - B*l i1 + BZ2 i 2 Y  t hen  f o r  any 

p o i n t  r ' = r' + m c + m c - -0 1-1 2 -2 

where m 1, m2 are i n t e g e r s .  

" supe r s t ruc tu re"  d i f f e r s  on ly  by a phase f a c t o r .  

The wave func t ion  at equ iva len t  p o i n t s  o f  t h e  

For  an i n c i d e n t  p lane  
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iso 
wave JIo = e w e  have 

+ m  c )  
( 3 )  

ik *(m, 21 2 -2 
$ ( r ' )  

-0 c ) = e  
M-0 

q(r'  + ml c 
U O  *l + m2 -2 

With ( 2 )  and (3 )  t h e  i n t e g r a t i o n  (1) over  t h e  whole s c a t t e r i n g  vo1w.e can 

be broken up i n t o  a summation over a l l  ' ' supers t ruc ture"  u n i t  c e l l s  and an 

i n t e g r a t i o n  over  t h e  "supers t ruc ture"  u n i t  c e l l :  

/ 

The i n t e n s i t y  d i s t r i b u t i o n  of t h e  s c a t t e r e d  wave i s  p r o p o r t i o n a l  t o  

lfI2 = IC12 lFI2. The " l a t t i c e  amplitude" G determines t h e  d i r e c t i o n s  of 

t h e  d i f f r a c t e d  waves ard t h e  "dynamical s t r u c t u r e  amplitude" F determines 

t h e i r  r e l a t i v e  i n t e n s i t i e s .  The i n t e g r a t i o n  i n  F ex tends  over  a l l  p o i n t s  

w i t h i n  t h e  " suce r s t ruc tu re"  u n i t  c e l l  which i s  a column normzl t o  t h e  

\ 

, c r y s t a l  s u r f a c e  wi th  the c ross  sec t ion  c c and a h e i g h t  I C  1 determined 

by t h e  p e n e t r a t i o n  depth of t h e  e l e c t r o n  wave f i e l d .  A t  p r e sen t  t h e  calcu- 

l a t i o n  o f  F i s  only  a p a r t i a l l y  solved problem even f o r  s imple s t r u c t u r e s  

and w i l l  not  be considered here. I n s t e a d  t h e  d i scuss ion  w i l l  be  l i m i t e d  

t o  t h e  d i r e c t i o n  o f  t h e  diffracted waves, i . e .  t o  t h e  d i f f r a c t i o n  s p o t  

p o s i t i o n s  on t h e  f luo rescen t  sc reen ,  as determined by t h e  l a t t i c e  amplitude.  

-1 -2 -3 

The summations over  m and m2 i n  (4) can be e a s i l y  performed l ead ing  1 

to 

s i n 2  I, M K s i n 2  2 1 1  M2K2 

s i n 2  1 K 2 1  

(5) 

f o r  a s c a t t e r e r  c o n s i s t i n g  of E: M ' ' supers t ruc ture"  u n i t  c e l l s .  Here 1 2  
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K = k - k 

t h e  axes c'ic o f  t h e  r e c i p r o c a l  l a t t i c e  of t h e  " supe r s t ruc tu re" :  

has  been expressed i n  terms o f  i t s  coxponents wi th  r e spec t  t o  
#%w # am0 

-1 

K = K  c * + K 2 s : + K  c* 
* l e 1  3 -3 

2 2 2  has  m a x i m a  o f  he igh t  M1 M whenever K IC1 = 2nh. (hi  i n t e g e r s )  , which 
2 i 1 

are very sha rp  i f  M and M2 are l a r g e .  S t rong  d i f f r a c t i o n  w i l l  t h e r e f o r e  1 

occur  when 

i.e. t h e  d i f f e r e n c e s  between t h e  t a n g e n t i a l  components o f  t h e  i n c i d e n t  and 

r e f l e c t e d  wave vec to r s  must be vec tors  i n  t h e  r e c i p r o c a l  l a t t i ce  o f  t h e  

" supe r s t ruc tu re" .  This  i s  t r u e  both f o r  r e a l  s u p e r s t r u c t u r e s  (F ig .  l b )  

and apparent  s u p e r s t r u c t u r e s  (Fig.  l a ) ,  so t h a t  t h e  Ewald cons t ruc t ion  i n  

bo th  cases must be as i n d i c a t e d  i n  F ig .  2b ,  q.e.d.  The d i s t i n c t i o n  

between t h e  two cases is  p o s s i b l e  only by an i n t e n s i t y  a n a l y s i s  because 

t h e  d i s t r i b u t i o n  of  t h e  atoms wi th in  t h e  " supe r s t ruc tu re"  u n i t  c e l l  which 

. d i s t i n g u i s h e s  t h e  two cases shows up only i n  t h e  s t r u c t u r e  ampli tude F. 
I 

111. PATTERN INTERPRETATIOii PROCEDURES 

The i n t e r p r e t a t i o n  of "supers t ruc ture"  p a t t e r n s  i s  based on t h e  

assumption t h a t  t h e  p a t t e r n  i s  produced by t h e  supe rpos i t i on  on to  t h e  

s u b s t r a t e  c r y s t a l  o f  a very t h i n  l a y e r  of  a c r y s t a l  wi th  a s t r u c t u r e  and/ 

or o r i e n t a t i o n  d i f f e r e n t  from t h a t  o f  t h e  s u b s t r a t e .  With t h e  s u b s t r a t e  

s t r u c t u r e  and o r i e n t a t i o n  known t h e  problem is t o  determine t h e  s t r u c t u r e  

and o r i e n t a t i o n  o f  t h e  su r face  layer. It can be so lved  only wi th  sone 

knowledge o f  t h e  atomic s p e c i e s  present  i n  t h e  s u r f a c e  l a y e r .  With t h i s  

knowledge u s u a l l y  only a small number o f  c r y s t a l l o g r a p h i c  s t r u c t u r e s  have 
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t o  be considered i n  t h e  i n t e r g r e t a t i o n  p rocess ,  For  example--to t a k e  a 

complicated case--after t h e  r eac t ion  of oxygen wi th  pure  tungs ten  under 

clean condi t ions  t h e r e  are less than  t e n  oxide s t r u c t u r e s  corresponding 

t o  d i f f e r e n t  o q g e n  content  o r  d i f f e r e n t  polymorphic forms. A sys t ema t i c  

s tudy  o f  t h e  r e l a t i o n  between d i f f r a c t i o n  p a t t e r n s  and experimental  

conditions--such as t h e  oxygen exposure i n  our  example--further reduces 

t h e  number o f  probable  c r y s t a l  s t r u c t u r e s .  The next  s t e p  i s  t h e  s e l e c t i o n  

of t h e  probable  o r i e n t a t i o n s  o f  t he  s u r f a c e  l a y e r .  Here some e n e r g e t i c  

cons ide ra t ions  are use fu l :  of a l l  t h e  o r i e n t a t i o n s  which may be formed 

t h o s e  having t h e  lowest va lues  of u + u a r e  t h e  most probable .  The 

s p e c i f i c  free s u r f a c e  energy Q o f t h e  s u r f a c e  l a y e r  has  i t s  lowest  va lues  

fo r  equ i l ib r ium p lanes ,  while  t h e  s p e c i f i c  f r e e  ener<gy u o f  t h e  i n t e r f a c e  

between s u r f a c e  l a y e r  and s u b s t r a t e  i s  lowest f o r  o r i e n t a t i o n s  with a 

small mismatch. 

i 

i 

The word mismatch i s  h e r e  used not  on ly  t o  mean dev ia t ion  

I from a one t o  one coincidence o f  t h e  s u b s t r a t e  and l a y e r  a t o m  a t  t h e  i n t e r -  

f a c e  b u t  a l s o  inc ludes  dev ia t ions  from conf igu ra t ions  where every n th  l a y e r  

atom coinc ides  with every mth s u b s t r a t e  atom ( n ,  m i n t e g e r s ) .  

Once a s e t  of c r y s t a l  s t r u c t u r e s  and o r i e n t a t i o n s  have been chosen 

t h e  r e c i p r o c a l  l a t t i c e s  o f  t h e  superimposed s t r u c t u r e s  are cons t ruc t ed  by 

adding a l l  t a n g e n t i a l  coinponents (with r e spec t  t o  t h e  c r y s t a l  s u r f a c e )  of 

t h e  r e c i p r o c a l  l a t t i c e  vec to r s  o f  both c r y s t a l s .  O f  a l l  t h e  p a t t e r n s  

cons t ruc t ed  i n  t h i s  way t h e  one which agrees  best  wi th  t h e  observed p a t t e r n  

i s  s e l e c t e d .  Frequent ly  no coriplete f i t  i s  achieved .and  l a t t i c e  d i s t o r t i o n s  

i n  t h e  s u r f a c e  l a y e r  up t o  s e v e r a l  pe rcen t  m ~ s t  be accepted i n  o r d e r  t o  

o b t a i n  agreement wi th  experiment.  T'nis i s  one o f  t h e  major l i m i t a t i o n s  
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of t h e  p a t t e r n  i n t e r p r e t a t i o n ,  e s p e c i a l l y  i n  t h e  case  o f  s u r f a c e  l a y e r s  

w i t h  low s y m e t r y  where s e v e r a l  s t r u c t u r e s  o r  o r i e n t a t i o n s  may be coinpat- 

i b l e  wi th  t h e  d i f f r a c t i o n  p a t t e r n  i f  d i s t o r t i o n s  up t o  s e v e r a l  pe rcen t  are 

al lowed.  We w i l l  now i l l u s t r a t e  t h e s e  procedures  by some examples, 

IV. EXAMPLES OF "SUPFBSTRUCTURES" 

1. S i x f o l d  Symmetry on S ix fo ld  Symmetry 

We cons ider  t h e  s imples t  case ,  i .e. i d e n t i c a l  symmetry--here s i x f o l d  

two-dimensional symmetry--and o r i e n t a t i o n .  Such a case i s  observed when 

Ag i s  depos i ted  on to  a Cu (111) su r face  (F ig .  3 d ) .  

was c a r r i e d  out  under w e l l  def ined  cond i t ions  ( w e l l  ou tgassed  Ag source ,  

Because t h e  depos i t i on  

good vacuum and c l ean  Cu s u r f a c e )  t h e r e  i s  no doubt t h a t  t h e  s u r f a c e  l a y e r  

c o n s i s t s  only o f  Ag atoms. 

free s u r f a c e  energy and was t h e r e f o r e  assumed t o  be t h e  free s u r f a c e  of  

The (111) plane  o f  Ag has t h e  lowest s p e c i f i c  

t h e  t h i n  l a y e r ,  i . e .  t o  be p a r a l l e l  t o  t h e  s u r f a c e .  F igure  3a shows t h e  

corresponding r e c i p r o c a l  l a t t i c e ,  F ig .  3b t h a t  of t h e  s u b s t r a t e ,  and Fig.  3c 

t h a t  o f  t h e  supe rpos i t i on  o f  both c r y s t a l s .  I n  F ig .  3c only a s n a l l  number 

of t h e  r e c i p r o c a l  l a t t i c e  p o i n t s  are shown, nanely t h o s e  which are  nea r  

t h e  Cu r e c i p - o c a 1  l a t t i c e  p o i n t s ,  as observed i n  F ig .  3d. This concentra- 

t i o n  of d i f f r a c t e d  i n t e n s i t y  i n  d i r e c t i o n s  n e a r  t h e  b e a m  d i f f r a c t e d  by t h e  

s u b s t r a t e  is c h a r a c t e r i s t i c  f o r  many d i f f r a c t i o n  p a t t e r n s  of  t h i n  s u r f a c e  

l a y e r s .  From t h e  agreement between cons t ruc t ed  and observed p a t t e r n  and 

from t h e  f a c t  t h a t  t h i s  F a t t e r n  i s  a l r eady  observed at very low coverage 

w e  conclude t h a t  Ag grows on t h e  Cu (111) plane i n  F a r a l l e l  o r i e n t a t i o n  

by t h e  monolayer growth mechanism as expected on t h e o r e t i c a l  grounds.7 It 

should be noted t h a t  high encr-7 e l ec t ron  d i f f r a c t i o n  p a t t e r n s  corresponding 
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t o  F ig .  3d have  been a t t r i b u t e d  t o  t h e  d i s l o c a t i o n  network r e s u l t i n g  from 

However t h i s  t h e  mismatch between t h e  Ag f i l m  and t h e  Cu s u b s t r a t e .  8 3 9  

i n t e r p r e t a t i o n  i s  as u n j u s t i f i e d  as an i n t e r p r e t a t i o n  i n  terms of a t r u e  

s u p e r s t r u c t u r e  because t h e  geometr ical  a s p e c t s  o f  t h e  p a t t e r n  do n o t  a l low 

d i s t i n c t i o n  between mismatch d i s l o c a t i o n  networks,  t r u e  and ayparent  

s u p e r s t r u c t u r e s  . 

2. S i x f o l d  Symmetry on Fourfo ld  Symmetry - 
If Ag i s  depos i ted  onto  a Cu { l o o )  s u r f a c e  under condi t ions  i d e n t i c a l  

t o  t h o s e  used i n  t h e  depos i t i on  of Ag on to  t h e  Cu (111) plane  (see above) ,  

t h e  p a t t e r n  o f  F ig .  4d i s  obtained. 

a (111) o r i e n t a t i o n  i s  t o  be  expected, b u t  it appears  p o s s i b l e  t h a t  a (100) 

o r i e n t a t i o n  would l e a d  t o  smaller u This  o r i e n t a t i o n  however can be i’ 

e a s i l y  excluded by ‘comparing t h e  t h e o r e t i c a l l y  expected p a t t e r n  w i t h  t h e  

observed p a t t e r n  so  t h a t ,  of t h e  two o r i e n t a t i o n s  cons idered ,  only t h e  (111) 

o r i e n t a t i o n  remains. With t h e  azimuthal o r i e n t a t i o n  chosen i n  F ig .  h a  wi th  

r e s p e c t  t o  F ig .  4b it gives  pe r fec t  agreement wi th  experiment as t h e  con- 

pa r i son  of F ig .  4c and 4d shows. In  F i g .  4c double s c a t t e r i n g  of t h e  Cu 

beams with both o r i e n t a t i o n s  shown i n  Fig.  4b (Ag [112] 11 Cu [ilO] and 

Ag [UT] 11 Cu [ I l O ] )  is taken i n t o  account .  No l a t t i c e  d i s t o r t i o n  is  

assumed i n  t h e  cons t ruc t ion .  Therefore  t h e  s u p e r s t r u c t u r e  spots show 

c h a r a c t e r i s t i c  e longat ions  as a consequence of t h e  s l i g h t  mismatch i n  t h e  

Cu <110> d i r e c t i o n s .  Some d i f f r a c t i o n  p a t t e r n s  c l e a r l y  show t h e  expected 

e longa t ions  i n d i c a t i n g  t h a t  no pseudomorphy occurs .  Our r e s u l t  is i n  

apparent  disagreement t o  t h a t  of Farnsworth” who concluded t h a t  Ag f i l m s  

on (100) Cu are amorphous o r  at l e a s t  s o  d i so rde red  t h a t  t hey  do n o t  

On t h e  b a s i s  o f  t h e  minimum u c r i t e r i o n  
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produce a d i f f r c c t i o n  p a t t e r n ;  a p o s s i b l e  reason f o r  t h i s  discrepancy i s  

t h a t  i f  p a r a l l e l  growth i s  expected t h e  o r i e n t a t i o n  observed by us can be 

e a s i l y  missed i n  a scanning type  system when observa t ions  are made only 

i n  s e l e c t e d  azimuths.  Tne o r i e n t a t i o n  r epor t ed  he re  f i t s  reasonably w e l l  

i n t o  t h e  mutual o r i e n t a t i o n  scher,e f o r  f . c . c .  metals given by S h i r a i  

11 e t  a l .  

12 Recent ly  Tucker r epor t ed  complex LEED p a t t e r n s  obta ined  from a 

Rh (100) s u r f a c e  a f t e r  h e a t i n g  i n  oxygen. He a t t r i b u t e d  t h e s e  t o  a m i s -  

f i t t i n g  nonolayer of oxygen atoms o r  i ons .  Quadrants  of t h e  p a t t e r n s  are 

shovn schematical . ly i n  F ig .  5a, b, a f t e r  e l imina t ion  of  t h e  d i s t o r t i o n  

produced by t h e  d e f l e c t i o n  f i e l d .  

and sugges t  an i n t e r p r e t a t i o n  i n  terms of a Rh-oxide s u r f a c e  lciyer. 

The p a t t e r n s  are very similar to Fig .  hc 
/ 

If 

Fig.  5a, b are i n t e r p r e t e d  i n  t h e  sane manner as F ig .  4c ,  i . e .  by a t h i n  

s u r f a c e  l a y e r  wi th  cubic  s t r u c t u r e ,  with i t s  1111) plane p a r a l l e l  t o  t h e  

s u r f a c e  and i t s  [UT] d i r e c t i o n  Darallel t o  Cu [liO] and [llO], t hen  t5is 

layer must have a l a t t i c e  constant  a = 4.40 A .  
0 

Another i n t e r p r e t a t i o n  

would be i n  terns of  a l a y e r  w i t h  hexagonal s t r u c t u r e  wi th  i t s  (001) plane 
0 

p a r a l l e l  t o  t h e  s u b s t r a t e  and a = 6.21 A. O f  t h e  r epor t ed  oxides  (Rh203, 

Rho, Rh20) ,I3 only  t h e  s t r u c t u r e  of Rh 0 i s  k n o m :  It i s  hexagonal with 2 3  

a = 5.11 x ,  which i s  c l e a r l y  incompatible with t h e  d i f f r a c t i o n  p a t t e r n .  

Although it has  Seen shown recen t ly  t h a t  only Rh 0 ex is t s  i n  t h e  b u l k ,  

t h e  ex i s t ence  of  Rho and/or  Rh20 as a s u r f a c e  Dhase appears reasonable .  

A probable  s t r u c t u r e  f o r  Rh20 is--by analogy wi th  Cu 0 ,  A 6  0 and Pb 0-- 

t h e  c u p r i t e  s t r u c t u r e .  If w e  assume a l i n e a r  r e l a t i o n  between t h e  l a t t i c e  

cons t an t s  of  t h e  metals  and t h e i r  ox ides ,  then  %h20 = 4 .43  A i n  reasona5le  

1 4  
2 3  

2 2 2 

0 
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. agreement wi th  t h e  va lue  a = 4.40 1 deduced from t h e  p a t t e r n .  By analoGy 

wi th  Cu 0 ,  t h e  (111) plane  of Rh20 is  expected t o  be an equ i l ib r ium plane  

and t h e r e f o r e  p a r a l l e l  t o  t h e  sur face .  This  agreement between experiment 

and t h e  expec ta t ions  f o r  a Rh20 l a y e r ,  t o g e t h e r  wi th  t h e  unfavorable  

e n e r g e t i c s  of  Tucker 's  densely packed oxygen l a y e r ,  makes t h e  p re sen t  

i n t e r p r e t a t i o n  much more l i k e l y  than t h e  one o r i g i n a l l y  proposed . 

2 

Another example f o r  a supe rpos i t i on  of s i x f o l d  symmetry and f o u r f o l d  

15-18 symmetry i s  t h e  (5x1) s t r u c t u r e  found on Au {loo) and Pt {loo) p lanes .  

As shown elsewhere i n  more d e t a i l ,  it can be a t t r i b u t e d  i n  t h e  case  of  Au 

t o  a t h i n  l a y e r  o f  Au2Na o r  Au2K with (111) Au2Na 1 1  (001) Au, [UT] Au2Na 11 
[liO] and [110] Au. 

a p p l i e s  t o  t h e  P t  (5x1) s t r u c t u r e .  

It appears  yery l i k e l y  t h a t  t h e  same i n t e r p r e t a t i o n  

3.  . S i x f o l d  Symmetry on Twofold Synaetry 

One of t h e  most complex LEED p a t t e r n s  r epor t ed  t o  da t e  4'19 i s  t h a t  

of carbon on t h e  W (110) plane .  It  w a s  o r i g i n a l l y  a t t r i b u t e d  t o  a d i l u t e  

compound s u p e r s t r u c t u r e  wi th  composition W 

ob ta ined  t h i s  s t r u c t u r e  under condi t ions  ( h e a t i n g  i n  CHq)  which are known 

t o  l e a d  t o  W2C formation on tungs ten .  

i n  t h e  i n t e r p r e t a t i o n  of  t h e  p a t t e r n .  

C wi th  n = 2 o r  4. l9 We have 
1% 

Consequently only  W C was cons idered  

F ig .  6d shows t h e  LEED p a t t e r n  from 

2 

a specimen region i n  which only  one o f  t h e  two equ iva len t  o r i e n t a t i o n s  i s  

formed. This  p a t t e r n  i s  no t  compatible wi th  t h e  o r i e n t a t i o n  r e l a t i o n s h i p  

de r ived  from X-ray s t u d i e s  of carbur ized  wires. 2o 

fo l lowing  o r i e n t a t i o n s :  (1001, (010) and (001) a-W2C 1 1  (110)  W and 

(111) 8-W2C 11 (110) W which is  equiva len t  t o  (001)  a-W2C 1 (110) \!--as 

long  as only geometr ica l  a spec t s  o f  t h e  p a t t e r n s  are considered--because 

We have examined t h e  

10 



0 
,21 which i s  t h e  cond i t ion  f o r  t h e  a-TJ2C a = 4.26 1 s 6 . 2 . 9 9  A = fi a B -W2C 

i d e n t i t y  of t h e  corresponding r e c i p r o c a l  l a t t i c e .  

t i o n s h i p  which agrees  b e s t  wi th  Fig.  6d is shown i n  F ig .  6a and b ;  F ig .  6c 

shows t h e  r e c i p r o c a l  l a t t i c e  of  t h e  superimFosed c r y s t a l s .  

r e l a t i o n s h i p , r e f e r r e d  t o  t h e  cubic modi f ica t ion  i s  (111) 8-W2C 11 (110) W ,  

[lib] 8-U2C 1 1  [il5] W ,  or r e f e r r e d  t o  t h e  hexagonal modi f ica t ion  

(001) a-W2C I[ (110) W, [loo] a-W2C 11 [Tis] W. 
s h i p  l eads  t o  a n e a r l y  p e r f e c t  coincidence of t h e  atoms wi th  t h e  fol lowing 

The o r i e n t a t i o n  rela- 

The o r i e n t a t i o n  

This  o r i e n t a t i o n  r e l a t i o n -  

coord ina te s  i n  t h e  con tac t  p lanes  ( N ,  M be ing  i n t e g e r s ) :  

atoms i n  w (110) plane :  

It should  be n o t e d . t h a t  t h e  t ' supers t ruc ture ' t  p a t t e r n  o f  F ig .  6d i s  no t  t h e  

only  one observed i n  t h e  system C-!J i110). We have f r equen t ly  observed a 

p a t t e r n  which has  t h e  sane p e r i o d i c i t y  i n  t h e  [lil] d i r e c t i o n  as F ig .  6d,  

b u t  a f o u r  times l a r g e r  p e r i o d i c i t y  i n  t h e  [1iF] d i r e c t i o n .  No e f f o r t  has  

been made t o  index  t h i s  p a t t e r n .  

4. Twofold S y m e t r y  on Twofold Symmetry 

The f i n a l  example i s  intended mainly t o  demonstrate t h e  d i f f i c u l t i e s  

which are encountered when t h e  composition of t h e  s u r f a c e  l a y e r  i s  no t  

known r e l i a b l y ,  when t h e  c r y s t a l  s t r u c t u r e  o f  t h e  suspec ted  compound has  

a l o w  symmetry, when t h e  an iso t ropy  o f  i t s  s u r f a c e  energy i s  no t  known, 

and when no o r i e n t a t i o n  f i t s  t h e  d i f f r a c t i o n  n e a r l y  p e r f e c t l y .  Such a 

p a t t e r n  i s  t h a t  ob ta ined  on a W {110) su r face  when exnosed while  hea ted  

above 700°C t o  s u f f i c i e n t  oxygen so t h a t  more than  1 /2  monolayer of  o?cygen 

11 



22 reacts wi th  t h e  c r y s t a l .  This  p a t t e r n ,  f irst  r eoor t ed  by Germer and May 

as C(48 x 1 6 )  s t r u c t u r e  

On t h e  basis o f  i t s  formation condi t ions  w e  a t t r i b u t e  it t o  W 0 2 .  

pseudote t ragonal  orthorhombic s t r u c t u r e  wi th  a 

c 

symmetry wi th  a = 4.86 1 (E bo), ct = 2.77 A ( E  12, - c!ol ) t h a t  t h e  pro jec-  

t i o n s  of t h e  r e c i p r o c a l  l a t t i c e s  of bo th  s t r u c t u r e s  p r a c t i c a l l y  co inc ide .  

We have examined t h e  fol lowing o r i e n t a t i o n s :  

and (OO1)t W02 1 1  (110) TrJ with t h e  r e s u l t  t h a t  no o r i e n t a t i o n  gave a n e a r l y  

p e r f e c t  fit t o  t h e  observed p a t t e r n  un le s s  l a t t i c e  d i s t o r t i o n s  were assumed, 

without  f u r t h e r  i n t e r p r e t a t i o n , i s  shown i n  F ig .  7d. 

W 0 2  has  a 
0 0 

= 5.65 A ,  bo = 4.89 A ,  
0 

= 5.55 1, f3 = 1 2 0 . 4 O , ~ ~  which dev ia t e s  so l i t t l e  from t h e  t e t r a g o n a l  
0 

0 

t 

( O I O ) o ,  (OO1)o, {loo),  , 

b u t  t h a t  s e v e r a l  o r i e n t a t i o n s  were coinpatible wi th  - t h e  p a t t e r n  i f  l a t t i c e  

d i s t o r t i o n s  of up t o  6% i n  t h e  axis  l eng ths  and up t o  5' i n  t h e  angle 

between t h e  axes were permi t ted  and i f  it was assuned i n  some cases  t h a t  

c e r t a i n  r e c i p r o c a l  l a t t i c e  rods expected from t h e  symmetry o f  t h e  bulk 

c r y s t a l  were missing.  The two most probable  o r i e n t a t i o n s  s r r i v e d  a t  a r e  

(OIO)o \IO2 11 (110) W ,  [ O O l ]  

[012It  W02 1 1  [ 3 F I  W. 

r e c i p r o c a l  l a t t i c e  i s  shown i n  Fig.  7a-c. 

W 0 2  = 11 [ l i O ]  W and W02 11 (110)  w ,  
0 

The second o r i e n t a t i o n  r e l a t i o n s h i p  and t h e  r e s u l t i n g  

D i s t o r t i o n s  of 3.9$ and O$ i n . t h e  

b and c d i r e c t i o n s  r e s p e c t i v e l y  and of 1' i n  a had t o  be assuned. The same 

i n t e r p r e t a t i o n  can be given t o  the  d i f f r a c t i o n  p a t t e r n  reDorted by Germer 

and Nay22 as C(21 x 7)  s t r u c t u r e ,  which i s  formed a t  h ighe r  oxygen doses o r  

upon h e a t i n g  t h e  c r y s t a l  showing t h e  p a t t e r n  o f  F ig .  7d at room temperature  

above 700'C. According t o  our measurements it has t h e  same p e r i o d i c i t y  

a long t h e  rows of s p o t s  and d i f f e r s  from t h e  p a t t e r n  o f  F i g .  7d mainly by 

t h e  concen t r a t ion  of  t h e  s p o t  i n t e n s i t i e s  i n  t h e  environment of t h e  tungs t en  

1 2  



s p o t s .  

given elsewhere.  

A discuss ion  of t h e  d i f f e rences  between t h e  two F a t t e r n s  w i l l  be 

DISCUSSION 

We have i l l u s t r a t e d  wi th  some examples how "supe r s t ruc tu re"  p a t t e r n s  

can be i n t e r p r e t e d  i n  terms of .double  s c a t t e r i n g  between s t r u c t u r e s  w e l l  

known from bulk crystal  s t r u c t u r e  a n a l y s i s  i nvo lv ing  only minor l a t t i c e  

d i s t o r t i o n s  of  t h e  s u r f a c e  l a y e r s ,  As po in ted  ou t  prev ious ly  an a n a l y s i s  

of t h e  geometr ica l  a spec t s  o f  t h e  d i f f r a c t i o n  p a t t e r n  does no t  a l low 

d i s t i n c t i o n  between d i f f e r e n t  s t r u c t u r e s  which g ive  r i s e  t o  t h e  same two- 

dimensional " supe r s t ruc tu re"  p e r i o d i c i t y ,  such as t r u e  s u p e r s t r u c t u r e s ,  

m i s f i t  d i s l o c a t i o n  networks and apparent  s u p e r s t r u c t u r e s  formed by two- 

dimensional coincidence l a t t i c e s  o r  as d i scussed  h e r e  by s t r u c t u r e s  known 

from t h e  bulk .  As ' long as no reliable t h e o r y  i s  a v a i l a b l e  t o  i n t e r p r e t  

t h e  s p o t  i n t e n s i t i e s  i n  terms of t h e  d i s t r i b u t i o n  o f  t h e  atoms w i t h i n  t h e  

"su_oerstructure" unit c e l l  t h e  choice between t h e  va r ious  p o s s i b i l i t i e s  

has  t o  be made on t h e  basis of  the  formation condi t ions  o f  t h e  s t r u c t u r e ,  

. 

s t a b i l i t y  c o n s i d e r a t i o n s ,  su r f ace  F o t e n t i a l  measurements etc. On t h e  

b a s i s  o f  such considera.t ions w e  be l i eve  t h a t  t h e  i n t e r p r e t a t i o n s  based on 

k n o m  s t r u c t u r e s  which w e  have given here are more probably c o r r e c t  t han  

t h o s e  suggested p rev ious ly  f o r  t he  same p a t t e r n s .  We sugges t  t h a t  all 

s u p e r s t r u c t u r e "  p a t t e r n s  b e  analyzed i n  t h i s  way be fo re  they  are a s c r i b e d  I t  

t o  e x o t i c  two-dimensional s u r f a c e  s t r u c t u r e s .  
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FIGURE CAPTIONS 

Fig.  1. Schematic su r face  l a y e r  s t r u c t u r e s :  ( a )  t r u e  s u p e r s t r u c t u r e  ( w i t h  

s i x f o l d  p e r i o d i c i t y  of s u b s t r a t e  c r y s t a l ,  c = 6a) ; ( b )  apparent  

s u p e r s t r u c t u r e  ( m i s f i t t i n g  l a y e r ,  5b = 6 a ) .  

Fig .  2.  Reciprocal  l a t t i c e  sec t ions :  ( a )  supe rpos i t i on  of r e c i p r o c a l  

l a t t i c e s  of  two d i f f e r e n t  s t r u c t u r e s  ; ( b )  r e c i p r o c a l  l a t t i c e  o f  

the supe rpos i t i on  of two d i f f e r e n t  s t r u c t u r e s  (5b = 6 a ) .  

F ig .  3.  Dif f r ac t ion  by s i x f o l d  symmetry on s i x f o l d  symmetry ( A g  on Cu (111) 

p l a n e ) .  

p o s i t i o n  of Ag and Cu r e s p e c t i v e l y ;  ( d )  d i f f r a c t i o n  p a t t e r n  taken  

(a) , ( b ) ,  and ( c )  r e c i p r o c a l  l a t t i c e  o f  Cu, Ag and super- 

at 60 V. 

S i x f o l d  symmetry on four fo ld  symmetry (Ag on Cu (100) p l a n e ) .  

(b), and ( c )  r e c i p r o c a l  l a t t i c e  o f  Cu, Ag and supe rpos i t i on  of  Ag 

Fig.  4. (a), 

and Cu r e s p e c t i v e l y ;  (d) d i f f r a c t i o n  p a t t e r n  taken at 90 V .  

( d )  Should be r o t a t e d  45' t o  agree  wi th  t h e  ( a )  - ( c ) .  The squares  

and l a r g e  f u l l  c i r c l e s  a r e  due t o  t h e  two o r i e n t a t i o n s  of t h e  Ag 

l a y e r ,  t h e  s m a l l  f u l l  c i r c l e s  a r e  second.ary s c a t t e r i n g  s p o t s .  

Fig.  5 .  Schematic d i f f r a c t i o n  p a t t e r n  o b t i i n e d  from Rh {loo) s u r f a c e  a f t e r  

hea t ing  i n  oxygen a t  400'C according t o  Tucker,12 i n t e r p r e t e d  i n  

terms of e p i t a x i a l  Rh20. 2 

i n  o r i e n t a t i o n  I ,  f u l l  squares Rh20 i n  o r i e n t a t i o n  11, small f u l l  

c i r c l e s  secondary s c a t t e r i n g  s p o t s .  

S i x f o l d  symmetry on twofold symmetry (W2C on W (1101 p l a n e ) .  

(b), and ( c )  r e c i p r o c a l  l a t t i c e  of  W ,  FI C ,  and superpositXon of 

W2C and W r e s p e c t i v e l y ;  ( d )  d i f f r a c t i o n  p a t t e r n  taken  a t  210 V. 

Twofold symmetry on twofold symmetry (W02 on W (11C) p lane ) .  

(b), and ( c )  r e c i p r o c a l  l a t t i c e  of  W ,  \IO2 and supe rpos i t i on  of 

WO and W r e s p e c t i v e l y ;  ( d )  d i f f r a c t i o n  F a t t e r n  taken a t  80 V. 

Open c i r c l e s  Rh, l a r g e  f u l l  c i r c l e s  Rh 0 

Fig.  6 .  ( a ) ,  

2 

Fig .  7. ( a ) ,  

2 
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3. 

similai. d a t a  f o r  l i n e a r  sinearing o r  r e s o l u t i o n  l o s s ,  

i. e.  , u n f o l d i n g ,  i s  reexamined w i t h  cmpliasis on a c c u r a c y  

l i m i t a t i o n s .  The advantage  of optimum smoo th ing  o r  

f i l t c r : . n g  in min imiz ing  t i i r :  e f f c c t s  of c;:p2ripicntal  

rol-cs of n o n s t z t i o n a r i t y  and t i l e  s a m p l c  s p z n  i n  opt-i.- 

e x c e s s : i v ~  n o i s z  i n  l i n e  t a i l s  arid s p u r i o u s  o s c i l l a t i o n s  

near  Imgc changes  i n  s p c c i - r z l  i n t e n s i t y .  Ref inem2rit-s 

t e n d i n g  to ;ill..ev:ia.te t l iesc d T f f i c u l t i c s  2 re  disci lsz .ec1,  



2 . 

Linear Unf on d i n g  Eicthocls and OpI-jniiza~-toi-t 

for X-Rzy ai id  S i m i l c r  S p z c t r a  

J .  0. P o r t c L s  

U.  S. Naval Ordnance T e s t  S t a t i o n ,  China Lake, C a l i f o r n i a  

INTRODUCTTOY 

The s u b j e c t  of u n f o l d i n g  o r  r:Eking r e s o l u t i o n  c o r r ~ c t  i o n s  

t o  e x p e r i m e n t a l  d a t a  has r e c e i v e d  c o n s i d c r z b l e  a t t e n t i o n  i n  
1 -- 5 the 1 3 - t e r a t u r e ,  e s p = l c i s l l y  j n  t h e  f i c l c i  of x - r a y  physics. 

Althougil  many u s e f u J  rn?ttiods h8ve heen  proposed, r e 1  ; c t i v e l  y 

l i t t l e  a t t e n t  i o n  h a s  been given t o  o p t 3 x i z a t : i  oi-, and u 7  t iriiate 

a c c u r a c y  l i m i t a t i o n s .  Although s u c h  c o n s i d e r a t i o n s  mzy bc 

of que s t i o n  a b  1. e p r cl c t i c a I. imp o i? t a n  c e vh c n u n f o 1 d i n  g c c) T r e c -- 

t i o n s  a re  s n a l l ,  t h e  a n p l i f  i c a t i o n  of e x p e r i w n t a l  u n c c r -  

t a i n t i c s  which accompanies  t h e  l a r g c  c o r r c c t j o n s  o f t e n  re- 



pa.pei- i.s t h c r c ! f o r c  to m2.1 .yze  t-l-ic r o l e s  of nonstc?i-io:l-iarit-)i 

arid sniiip.2e sp<i;i iifii.ii p o s s i l i l c  i i n p ~ o v c : n i r n t  of OPT as an objc!c- 

t i v c .  A t h i r d  aim Ii.s t o  dcve!_op 2. liizcZr,s of s a c p l i n g  f o r  

intecjr;!-L-cd spectra, which is u s c f u l .  i n  a p p l i c a t i o n  of OPT t o  

t h e  u n f o l d i n g  of elect:i.on energy l c l s  s data measured by t h e  

r e t a r d i n g  f i e l d  method.  4 

B a s i c a l l y ,  a l l  u n f o l d i n g  met1ic)ds provj.de s o l u t i o n s ,  w:ith 

varyii-tg degrees  of g e n e r a l i t y ,  of  t h e  f o l d i n g  o r  c o n v o l u t i o n  

integr;:!. cqua . t i on  

I n  t h e  x-rcly C A S C  0 is Gn o h s e r v c d  O:I- mec7surcd spccti-:m, a. 

f u n c t i o n  of x-ras7 spec t r s l -  f requcn(1y 11; ?‘ i s  t h e  t r u e  or 

d e s i r e d  spectrun; M nay  represent 1:lie i n s t r u r e n t a l  windo‘v ‘21’ 

a n y  other smear ing  f u n c t i o n  vkiich ? . inea? ly  l f h i t s  the resolu- 

t i o n  of T .  

r e p r e s e n t  the uncertaintics or n o i s e  a . r isr ing from s t a t i s t i c a l  

e x p e r i n e n t a l .  i n z c c u r a c i e s  in 13 and 0 ,  r e s p c c t i v c l y .  

The t e r m s  E and  Eo in t h e  i n t e g r a l  e q u a t i o n  M 

If the cx?.ct 1.5-E is givc:n z m d  d..zpnnds e f f e c t i v e l y  only M 
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s e n s e  t h a t  21-1 p:~oiluce t h e  ~ ~ i ~ 1 . e  ~ Y L I ~  Spec-trQriI \!hen appl.iz21 

s t r i c t l y  t o  0-E i.e. , t o  0 i r i  t h e  .I.irnit: of vc in ish ing  

n o i s e ' .  I n  t h i s  c o n t e x t  it would a p p e a r  t h a t  t h e  m o s t  d e s i r a -  

b l e  u n f o l d i n g  method i s  the one invo1vir .y  mini-num l a b o r  i n  

comput ing  Y and a p p l y i n g  E q .  ( 2 )  OP i t s  e q u i v a l e n t .  I n  

p r a c t i c e ,  however ,  t h i s  i s  n o t  n e c e s s a . r i l y  t h e  c a s e  s i n c e  V 

klhen t 5 e  E t e r n  m u . s t  be a p p l i e d  t o  0 r a t h e r  t h a n  t o  0-E: 

i s  i n c l u d e d  t h e  e q u i v a l e n c e  of d i f f  c r c n t  un fo l2 . ing  opc!i~..atc-r 5 

vanishes and t h e  qu.2 s t i o n  of t h e  o p t  inun o p e r a t o r  arisc!s. 

0' 

0' 0 

Furtiic!r c o m p l e x i t y  i s  i n t r o d u c e d  when 14 contcl..i.!is a.n ur - 

c e r t a . i n t y  E which may a l s o  i n f l u e n c e  t h e  o p t i m i z a t i o n  of V .  

Such o p t i r n i z a t l o n  w i t h .  r e s p e c t  t o  Et4 as  S L ~ E Z  s ril2XiriiurIl impor- 

tance when d e t a i l e d  Itnoi..:leclcje of t h e  smear ing  f u n c t i o n  i s  

p o o r ,  so that a s o l u t i o r i  x i t h  riiinimum s e n s i t i v i t y  t o  e r r -or  

w i t h i n  t h e  l i m i t e d  s p e c i f  i c a t l o n  of 1.1 b c c o m s  essential. I n  

t h e  e>:aJiLples g i v e n  h e r e  y, i s  gr,?;li?rZ.!_~y exc~udeci  i n  ordcir t 0 

a v o i d  noncssc:nt: izl  c o m p l i c a t i o n s  i .n d i s c u s s i n g  the E tcrin, 

\jllich j.s F.CJTE sicJriif icar:t i:i. most p r a c t i c c l l  s i t u s t i o r - i s  . 
~ c r . i r _ : ~ e r ,  E is i n c l . c d i d .  i17 

ppiTlc. i p l c s  5.13 u s t : r a t e d  by t p-! 2 s T C T ~ Z ~ R  vc7l i  d , 

14 ' 

M 

0 

1,; 
. ? -  



5 

8 







L o r $ n t z j . a i  peak than in tke  t a . i l  : ~ e g i n r ! .  From t h ~  conputa- 

t i o n a l  s - t m d p o i n t  n o n s t a k i o n c t r i t y  always presents a d i f f i c u l t  

problem s i n c e  it i n t r o d u c e s  i n t o  V an e x p l i c i t  v-dependence 

which u s u a l l y  i s  much more pronounced  t h a n  t h a t  a s s o c i a t e d  

w i t h  14. Tn t h e  p r e s e n t  ~ o r k ,  ~ O Y I C V C P  a t - t e n t l o n  w i l l  be 

r e s t r i c t e d  t o  t h e  t h e o r e t i c a l  aspzc'c of the problem and  t o  

t h e  p o s s i b i l i t y  i n  p r i n c i p l e  of reclucir-!g t l i c  r c s i c l u ~ l  d?- 

f i c i . e n c i e s  i n  02'1' r e su l t -hc j  f roin iioris'iai-j.on;l,rri-ty. 

TiIEORY 

Befoine p r o c e e d i n g  f u-r-ther it i s  n e c e s s a r y  t o  revie;.! 

carefully t h e  o r i g i n  of the s t a t i o n a r i t y  a .pp rox ina t  i o n  aiid 

i t s  1 i n i t ; i t i o n s .  T h e  o p t i m i z a t i o n  problem i n  u n f o l d i n g  i.s 

equiva.1len-t i n  many r e s p e c t s  to t h a t  of optimum sricjrial extrac- 



I 



3. i) 

i s ,  each g i v e n  combina t ion  of 0 and  M a re  a l l o x e d  t o  produc?  

o n l y  one with u n i t y  p r o b a b i l i t y ,  so t h a t  s ( < Y l O , M )  becomes 

a d e l t a  f u n c t i o n  and i n t e g r a t i o n  o v e r  A space i s  t r i v i a l . .  8 

With t h i s  r c s ' c r i c t i o n  minii~.ii:,rit-ion of R w i t h  rbespcct  t o  2' 
leads to t h e  so--cal- lcd B::yt's c)st imator f o r  T 

A d3.f f ri.cu1.t-y w i t h  Bayes e s t i r m t i o n ,  al.t!-iough not the most 

serious o n ? ,  i s  t h a t  'sB g e n e r a l l y  r e p r e s e n t s  a n o n l i n e a r  

oper;lt:ion on t h e  obseiTvcd s p c c t r v n .  The prob1c:rn i s  s i m p l i - .  

f i e d  c o n s i d n r a b l y  if t h e  e s t i n a t o r s  a r e  r e s t r i c t e d  to the 

I 



A 

where F ( z )  d e n o t e s  the F o u r i e r  transform' of F ( v ) ,  s u p e r -  

s c r i p t  c denotes complex c o n j u g a t e ,  a n d  t h e  ensemble averages  
J 

are d e f i n e d  i n  t h e  same way t h a t  < C(t:z)> i s  d e f i n e d  i n  Ey.  

t h e r e  i s  often no s a t j s f a c t o r y  way t o  obtain a p r i o r i  d i s t r i -  

b u t i o n s  f-ron the p h y s i c s  of  the prohlt.r.1. F u r t h e r r , o r e ,  n i r t i - .  

max e s t i m a t i o n ,  w h i c h  i s  sor;iletices a p p l i c a b l e  i n  such s i t u a -  

t i o n s  , here  leads t o  a t r i v i a l  s c l u t i o n  w i t h  rio snoot i ! ing .  

F o r t u n a t e l y ,  t h e r e  i s  a. way of a v o i d i n g  t h i s  d i f f i c u l t y  i f  

one  invok3s  t h e  e r g o d i c  h y p o t h e s i s .  I n  essence t h i s  hypo- 9 



* 

A where 6 ( z - z 1 )  i s  t h e  P i r a c  clc1-t-r; f u n c t i o n ,  F ( l l c , z )  is the: 

F o u r i e r  ti-ansf om in thc generg.l izcc1 func ! t ion  s e n s e  of 

F ( v 0 , v ) ,  and whcre A.. ( v  , z ' )  i s  t h e  Four3.ei. t r m s f o r m  on the 

v a r i a b l e  v - V '  of t h e  f u n c t i o n  A ( v  , v - v ' )  of l?(v , v )  ciefi.nzti 

A 

k1 0 

F o  0 

b >7 



. 

\ 





f i n d s  as a consequence of Eqs.  (1) and ( 7 ) '  





1.7 

The p r a c t i c a l  o r i g i n  of t i i ese  p - r i n c i p l e s  may be demonstratcd 

by an exarnple based on OPT. II27:'e E is assurxsd to bo UI-~COF-- 

related between d a t a  p o i n t s  and t o  have zero c x p z c t a t i o n ,  s o  
0 

A 

t h a t  A-, i,; cssci-ctial 157 c: d e l t a  fii.nc-trioi2. c 0 11 s .:: c j u  67 11 -i- I y > 7i E L 
is 8. coris'tani:: 



(2.4) 
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Erro r s  i n  t h e  s o l i d  curve a s soc ia t ed  with nonzero values  of 

E a r e  o r d i n a r i l y  present  b u t  a r e  not  i nd ica t ed  i n  Fig.  4.’ 

Their  poss ib l e  s ign i f i cance  a t  small  u i s  ev iden t ,  however, 
0 

p a r t i c u l a r l y  i n  t h e  center  example. 

The e f f e c t  of t h e  two p r i n c i p l e s  i n  terms of t h e  unfolded 

spectrum i s  i l l u s t r a t e d  i n  Fig.  ( 5 ) .  Here t h e  example of F i g s .  

(1) and (2), where t h e  observed half-width y a t  half-maximum 

equals  twice t h e  t r u e  half-width p ,  i s  unfolded us ing  d i f f e r -  

e n t  sample spans.  The poin ts  l a b e l l e d  OPT s o l u t i o n  correspond 

t o  t h e  value uoo% of F i g .  ( 4 ) ,  i . e . ,  u = 12.67, which i s  t h e  

, v a l u e  given by the 90% l i m i t  c r i t e r i o n  of OPT. The curve 

l a b e l l e d  p v e r s t a t i o n a r y  so lu t ion  corresponds t o  a u which is 

t e n  times g r e a t e r ,  and thus ampl i f i e s  t h e  smoothing d e f i -  

c i e n c i e s  of OPT apparent  i n  Figs .  (1) and ( 2 ) .  These d e f i -  

c i e n c i e s  are related almost e n t i r e l y  t o  excessive s t a t i o n -  

a r i t y  as discussed i n  connection with t h e  t o p  example of 

Fig.  (4), which expla ins  t h e  oversmoothing a t  t h e  peak, A 

similar argument appl ied  t o  t h e  c e n t e r  example of F i g .  ( 4 )  

exp la ins  t h e  undersmoothing i n  t h e  t a i l .  The curve l a b e l l e d  

undersampled corresponds t o  a value of Q which i s  one-tenth 

This i s  i n  t h e  region of u where t h e  s o l i d  curve of 
Of u90%. 

Fig. (4 )  may depa r t  s t rong ly  from t h e  dashed. The oversmooth- 

i ng  a t  t h e  peak i n  t h i s  case i s  t h e r e f o r e  t o  be expected on 

t h e  b a s i s  of inadequate sampling. The t a i l  r eg ion  of t h e  

undersampled curve,  however, shows c e r t a i n  desirable pro-  

p e r t i e s ,  such as s u b s t a n t i a l  f a l l - o f f  i n  t h e  noise  l e v e l  and 
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t h e  model, inc luding  t h e  inherent  l ine-shape func t ion  I(vo,v). 

For example, such a spectrum i s  obtained by applying t o  0 t h e  

prel iminary l i nea r  unfolding opera tor  Q def ined  by 

L 

The 

the 
L .. 

z # 0. 
b 

, 
smoothing f a c t o r  here  i s  of t h e  form occurr ing  i n  V when 

: I  , OPT model is used, i . e . ,  of the form appearing i n  E q .  (10) ! I  
when Eqs. (12) and (13) a re  used, w i t h < E ~ > & / [ n < a ' > ]  re- 

placed by the p r e l i w h a r y  smoothing pqrameter q, 

(14) is  now rep laced  by 

Equation 

T h i s  express ion  r e l a t e s  the a u t o c o r r e l a t i o n  parameter which 

c h a r a c t e r i z e s  T to t h e  p r e l i m i n a r i l y  unfolded spectrum Q*O. 

One now uses  Eq. (16) t o  p re sc r ibe  t h e  va lues  of n < a a >  t o  

use i n  t h e  f i n a l  optimum unfolding opera tor  V e The dependence 

of n < a z >  on EM, as w e l l  as on Eo, becomes more apparent  ,if t h e  

i n t e g r a l  i n  t h e  denominator of Eq. (16) is expressed i n  terms 

of I <L(vo,z)> 1' plus  a correction term. 

b 

h 

General ly  both Eo 



. 









1 

(:!s j 

/‘ c 3  

(21) 





. 
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Fig. 3. Schematic r e l a t i o n s h i p  of func t ion  spaces and de- 

c i s i o n  r u l e  i n  t h e  unfolding problem. 

Fig. 4. Demonstration of t h e  two p r i n c i p l e s  which- determine 

t h e  sample span u f o r  t h r e e  d i f f e r e n t  s i t u a t i o n s  in -  

volving Lorentzian l i n e  spec t r a .  The s o l i d  c i r c l e  

i n  t h e  i n s e t  i n d i c a t e s  i n  each case t h e  p a r t i c u l a r  

- observed d a t a  po in t  O ( v o )  t o  be cor rec ted .  The 

dashed curve,  which r e p r e s e n t s  a c t u a l  values  of 

n < a2 > averaged over t h e  i n t e r v a l  Q,  governs t h e  

determinat ion of a on t h e  b a s i s  of s t a t i o n a r i t y  

i 

Fig .  5 0 '  

' i  

a lone .  This curve approaches i n f i n i t y  i n  t h e  t o p  

example and peaks a t  1 .15  on t h e  o rd ina te  s c a l e  of 

t h e  bottom example. The s o l i d  curve,  which shows 

va lues  of n < a' > obtained from cY-interval samples of 

O ( v ) ,  as i n  p r a c t i c e ,  governs the  determinat ion of a 

on t h e  b a s i s  of both appropr ia te  s t a t i o n a r i t y  and 

adequate sampling as explained i n  t h e  t e x t .  The 

va lues  of u designated by t h e  s u b s c r i p t s  90% and P 

are those  which correspond, r e s p e c t i v e l y ,  t o  t h e  90% 

l i m i t  c r i t e r i o n  a t  OPT and t o  t h e  peak c r i t e r i o n  of 

t h e  present  work. 

Improperly unfolded spectra, again using t h e  s i m p l e  

example of Fig.  1. The long-dashed curve v i o l a t e s  

t h e  appropr ia te  s t a t i o n a r i t y  p r i n c i p l e ,  while t h e  

short-dashed curve v i o l a t e s  t h e  adequate sampling 

p r i n c i p l e .  

method of t h e  author ( s o l i d  c i r c l e s )  i s  included 

I 

The s o l u t i o n  given by t h e  optimized 

f o r  comparison. 

rms noise levels. 

V e r t i c a l  ba r s  again i n d i c a t e  I 

,~.- --- ,- - _-I__ 2' -_ -_ - 
4 

!_I.. ' _-  - ) I  .. . - . 
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